INTRODUCTION
Measurement of the surface impedance of the ground is important for the prediction of sound propagation over the ground. 1 Surface impedance measurements are also used to determine soil properties of agricultural grounds. 2, 3 Soils outdoors undergo wide temperature variations. The temperature profiles in the ground are governed by the heat input to the surface and the thermal properties of the soil. In many cases the temperature profiles are approximately linear down to the damping depth d in the soil ͑the 1/e length for the daily cycle͒. Surface temperatures can vary by as much as 30 K in a day. 4 Damping depths depend on the soil type and moisture content but generally range 5 from 7 to 15 cm. Temperature gradients can have large effects on sound propagation in the boundary layer of solid surfaces. In resonance tubes, large temperature gradients can produce amplification of sound waves. The study of this effect is called ''thermoacoustics.'' 6 Arnott et al. 7 explicitly demonstrated the connection between the literature and notation of sound propagation through porous media to thermoacoustics. In a subsequent paper, Arnott et al. measured the changes in impedance of a thermoacoustic stack as the temperature gradient was varied. 8 Significant, measurable changes in the impedance occurred for a 20-K change in temperature across a 4.0-cm-long porous stack.
In this paper, the theory of thermoacoustics is employed to investigate the possible effects of temperature and temperature gradients on the normalized surface impedance of soils. Section I presents the thermoacoustics equations and describes the adaptation of these equations to calculate the surface impedance. Section II develops an ambient temperature normalization factor for the fitted flow resistivity, then develops a calculation of the effect of temperature gradients on the surface impedance of ordinary soils. Section III develops an approximation for the effect of temperature gradients on ground impedance. Section IV contains a discussion of the results and conclusions.
I. APPLICATION OF THE THERMOACOUSTIC EQUATIONS TO GROUND IMPEDANCE
A thorough review of thermoacoustic research is contained in a paper by Swift. 6 Arnott et al. 7 demonstrated that thermoacoustics could be formulated in terms of previous porous media research. The notation of Ref. 7 will be followed in this paper.
Temperature gradients in porous materials have two principal effects; the gas properties are functions of temperature and the complex compressibility is modified due to the change in temperature of the porous media with respect to the gas as the gas is displaced by the sound wave. The relevant equations from Ref. 7 give a second-order differential equation for the complex acoustic pressure amplitude in a pore:
where
and the complex average velocity amplitude in the pore in terms of the pressure amplitude gradient is
Here, ␣͑, T ͒ is a complex damping or gain parameter and k 0 (, T ) is the complex acoustic wave number. For an ideal gas ␤ϭ1/T; this is appropriate for air filled pores. are assumed to have a circular cross section of radius R so that the shear wave number ͑͒ and thermal wave number ͑ T ͒ are given by
where (z) is the gas density, the radial frequency of the sound wave, the viscosity, the thermal conductivity, and c p the heat capacity at constant pressure. Here, T and are related by the square root of the Prandtl number N pr , T ϭ ͱN pr . The thermoviscous function for circular pores is
͑6͒
Figure 5 of Ref. 7 shows that the choice of pore shape makes little gross difference in the value of F͑͒. These small differences are significant when optimizing the performance of thermoacoustic devices, but should be negligible in estimates of temperature effects on ground impedance. The relative independence of the wave number and impedance of uniform porous materials on pore shape factor is discussed in detail by Stinson and Champoux. 9 The temperature dependence of , , T , and speed of sound, c, in terms of reference values at T 0 are
Values ͑7a͒ are directly from Ref. 10 , pages 29-30, and ͑7b͒ are from a power law fit to Eq. ͑10-1.16a͒ of Ref. 10 . The fact that the Prandtl number for air is approximately independent of temperature was also utilized.
In thermoacoustic studies where the temperature gradients can be as large as 2000 K/m, Eqs. ͑1͒ and ͑4͒ are usually solved by numerical integration. Atchley et al. 11 achieved good agreement with data by solving Eq. ͑1͒ as a wave equation with constant F͑͒/, ␣͑, T ͒, and k 0 (, T ) evaluated at the center of the stack. The change in the material property F()/(z) with depth is large for the small pores typical of the ground, so the method of Ref. 11 is extended. Equation ͑1͒ can be rewritten for ideal gases as
͑9͒ includes the effect of the derivative of F()/(z).
In this paper, soil is modeled as a homogenous semiinfinite half-space with an imposed linear temperature gradient to the damping depth d. Although the daily and yearly soil temperature variation is quite complicated, the temperature profiles can often be approximated by a linear gradient to fixed depth d. The solution to Eq. ͑8͒ is then approximated by
where Â is a complex constant and k is a complex constant evaluated at the surface. Substitution of this form into Eq. ͑8͒ yields
with solutions
Here, ␣Ј and k 0 are the gain parameter and complex wave number evaluated at the surface. The treatment herein differs from Ref. 11 in three ways: ͑i͒ The complex roots are evaluated from Eq. ͑11͒ directly yielding unequal wave numbers, k ϩ and k Ϫ . ͑ii͒ The wave numbers are evaluated at the surface, not at d/2, since the surface impedance is most affected by surface properties for sound absorbing soils.
͑iii͒ The effect of the changing material property F()/(z) is included in Eqs. ͑8͒ and ͑9͒.
If the temperature gradient is zero, the treatment above recovers the usual porous media wave numbers. The velocity contributions corresponding to the two wave numbers can be calculated from Eq. ͑4͒:
The boundary condition at depth d is that the surface impedance is that of a uniform semi-infinite porous media. To account for additional pore length due to the pores not being normal to the surface or not being straight, we introduce the tortuosity factor q, which yields a pore length of qd at depth d. This reduces the temperature and pressure gradients by 1/q. Impedance matching then determines the ratios of amplitudes Â Ϫ /Â ϩ within the gradient layer:
where both F͑͒ are evaluated at damping depth d. The solution to Eq. ͑14͒ is
The surface impedance of the media is then the ratio of p (0)/v (0) modified to account for the porosity and tortuosity of the pores. Porosity, ⍀, is the ratio of open pore area to total area. The tortuosity introduces an additional factor of q to the surface impedance. With these average medium modifications, the normalized surface impedance is given by
Here, F͑͒ is evaluated at the surface. Equation ͑16͒ is derived for cylindrical pores with tortuosity q and porosity ⍀. In ground impedance studies 9, 12, 13 it is usual to approximate F͑͒ and to evaluate the impedance in terms of the dc flow resistivity:
II. PREDICTION OF THE EFFECT OF TEMPERATURE GRADIENTS ON NORMALIZED GROUND IMPEDANCE
First, the effect of a uniform temperature change on the normalized surface impedance should be understood. For a uniform temperature the gradient terms in Eq. ͑1͒ drop out. The only temperature variation in the formula for the normalized surface impedance is in the gas properties contained in and T . Note that the measured flow resistance must be adjusted by ϭ(T 0 )(T/T 0 ) 0.849 as developed from Eq. ͑17͒ with Eqs. ͑7a͒ and ͑7b͒, and c by Eq. ͑7a͒ to predict the temperature dependence of Eq. ͑16͒. A temperature increase leads to an increase in flow resistivity. A 30-K temperature difference over a year leads to a 10% change in flow resistivity. Surface impedance data of homogeneous soils taken over a wide range of surface temperatures should be normalized to a standard surface temperature.
Next, the dependence of impedance on the temperature gradient in the soil is investigated. The depth dependence of the temperature in the ground as the surface is heated by the sun is well understood. 5 Although the form of the variation is quite complex, the temperature profile near the surface can be approximated by a linear gradient down to the daily damping depth d which is on the order of 7-15 cm. The total daily temperature variation may be as large as 20 K over this distance for cultivated soils. As an estimate of the maximum effect, the impedance for three media corresponding to low, medium, and high impedance soils for a temperature change of 20 K in 10 cm was calculated using Eq. ͑16͒. The properties of the soil models are listed in Table I . Figure 1 displays the dependence of the normalized ground impedance on the temperature gradient for low flow resistivity ground. The imaginary part of the impedance in Fig. 1 is multiplied by Ϫ1 for display purposes. The surface temperature is 300 K for all cases. A 200-K/m gradient corresponds to 300 K at the surface and 320 K at 10-cm depth. The largest effect is on the imaginary part of the impedance at very low frequencies. The maximum change in impedance due to the temperature gradient is on the order of 6%. The effects of realistic temperature gradients on the impedance of ordinary soils is negligible. The effect for the medium and high impedance soils is smaller than that displayed in Fig. 1 .
Also shown in Fig. 1 is the effect of depth of the gradient layer on the impedance. Doubling the layer depth to 20 cm with the same gradient leads to a small increase in the imaginary part at very low frequencies, but it should be noted that a 40-K total change between the surface and the bottom of the layer is unrealistic. The small change in impedance when the depth is doubled indicates that a semiinfinite approximation may be used for analytic analysis of temperature gradient effects on impedance. In addition, the similarity of the impedance change to the effect of exponentially varying porosity 14 leads one to suspect that an equivalence between the temperature gradient and exponentially varying porosity can be established and an analytic approximation developed to determine if temperature gradient effects on impedance measurements are significant. This calculation is developed in Sec. III below.
III. APPROXIMATE FORMULATION FOR LOW FREQUENCIES
In this section an approximate expression is developed for the effect of a temperature gradient on the surface impedance of an homogeneous soil layer for low frequencies and for a semi-infinite temperature gradient. Approximations for F͑͒ have been used to develop expressions for the ground impedance of homogenous media for small thermal and viscous wave numbers. 12 For cylindrical pores
Further, F( T ) can be written in terms of F͑͒ by noting 1 Ϫ ͱN pr is small for air filled pores;
͑20͒
Substituting Eqs. ͑9͒, ͑19͒, and ͑20͒ in Eq. ͑8͒, using 
͑21͒
For low frequencies, is small and the terms i 2 /6 and 4 3 Ϫ͑␥Ϫ1/␥͒N pr can be dropped leaving: 
where K ϭk(0)a 0.4245 /1.425 and C is a complex constant. Here, H 1.025 ͑1͒ is chosen since we have assumed a semi-infinite gradient and radiation boundary conditions apply, i.e., H 1.025
͑2͒
becomes infinite as the depth increases. With the substitution yϭK 1.425 , Eq. ͑24͒ is similar to Eq. ͑15͒ of Raspet et al. 14 and the normalized surface impedance can be derived from p (z) by following the procedure outlined in Ref. 14 yielding
The reduction in gradient along the pore due to tortuosity is introduced in Eq. ͑25͒. z 0 is the surface impedance of an isothermal, uniform medium at the surface temperature. Equation ͑25͒ employs the low-frequency approximation that z 0 /k(0)ϭc 0 /␥⍀. Comparison with the result for exponential pores ͓Eq. ͑22͒, Ref. 14͔ shows that the semi-infinite linear normalized temperature gradient along the pores a/q is equivalent to a normal exponential porosity gradient ␣ with a grain shape factor nЈϭ1. Comparison of Eq. ͑25͒ with the exact results for a 40-K change in 20 cm from Eq. ͑16͒ showed good agreement. The equivalence of the normalized temperature gradient and the exponential pore gradient is useful in establishing the minimum significant gradient at audio frequencies. Reference 14 demonstrates that the exponential porosity gradient corrections are significant at 100 Hz only when ␣у10, a factor of 20 larger than the gradient assumed in this paper. The equations above apply to any porous material ͑including those used for noise control͒ with viscous wave number, , less than one ͓see Eq. ͑5͔͒. Equation ͑25͒ shows that the critical variable for significance of the temperature gradients in such materials is the fractional temperature change per wavelength c 0 /(a) compared to the normalized impedance z 0 .
IV. CONCLUSIONS
The effect of uniform temperature changes in the ground can be calculated as modifying the dc flow resistivity and density ͓see Eq. ͑7͒ and Sec. II͔. Realistic temperature gradients in homogeneous grounds lead to negligibly small changes in only the imaginary part of surface impedance. Temperature increases in the ground are analogous to decreasing exponential porosity grounds, while temperature decreases are analogous to increasing porosity grounds. An approximate formula for the effect of a linear temperature gradient on the surface impedance of the ground has been developed and is used to demonstrate that the effects are small for soils heated by the sun. Temperature gradient effects are measurable for low impedance surfaces as indicated by Eq. ͑25͒ and by the results of Reference 8. However, agricultural soils have too high a surface impedance for temperature gradient effects to be measurable.
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